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Abstract
Muon radiography, also known as muography, is a non-destructive geophysi-
cal technique for the study of the internal structure of large objects such as
volcanoes. This is possible by constructing an image based on the differential
absorption of the directional flux of high-energy atmospheric muons produced
during the interaction of cosmic rays with the atmosphere. So this no other
source of radiation is required for this technique. Many muon telescopes are
being built with crossed scintillator bars and so, the resolution of each panel is
essentially given by the total surface of the bar crossings. Enhancing the reso-
lution may require covering the same area with smaller scintillator bars, which
adds costs and build complexity as more scintillators and fibers are required.
More channels also require more acquisition electronics which have to be syn-
chronized, increasing the complexity of the system, with associated operating
issues, and the final cost. In this work, we propose a novel analysis approach
to obtain reliable sub-pixel resolution, by measuring and comparing the average
signals measured at each end of the scintillation bar. This analysis approach
achieves sub-pixel resolutions, augmenting the spatial resolutions of existing de-
signs. To study the feasibility of this technique we designed a laboratory setup,
to emulate muon light pulses with a pulsed laser light located at different points
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on optical wavelength shifter fiber. By doing this we measured an increase on
the spatial resolution when compared with traditional systems. These results
enable the design of a new prototype for muography of natural and artificial
structures of strategic interest.
Keywords: Muography, Muon Imaging, Volcanoes, Cosmic Ray Techniques,
Experimental Particle Physics.
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1. Introduction
To study volcanic structures using the muography technique [1, 2] an instru-
ment is required that can detect muons. So that, for given exposure time, an
image of the dome or volcanic structure can be constructed in terms of density
contrast. Conceptually it is similar to an X-ray, but with atmospheric muons
as the radiation source [3]. The accuracy of the obtained image depends mainly
on the spatial resolution of the instrument and the exposure time. In Latin
America detectors have been developed for this purpose, such as the study of
the internal structure of the Pyramid of the Sun in Mexico [4] and the MuTe
project in Colombia [5, 6]. Some designs are made up of arrays of plastic scin-
tillators, a material capable of producing luminescence when a charged particle
passes through them. For most plastic scintillator designs, the spatial resolution
depends on the total area where scintillators cross each other.
Recent research in muograph construction mentioned above motivate this work
to study a possible improvement of the spatial resolution in plastic-scintillator
based muographs [7]. This research is the result from a technology transference
from the experience gained from the AMIGA project [8] at the Pierre Auger Ob-
servatory in Argentina, which developed and built detectors capable of counting
atmospheric muons to study the muonic component of cosmic ray showers.
2. The Muon Radiography
Volcano muography is a technique that uses the directional flux of atmospheric
muons to obtain a mass density image of a volcanic structure [9]. Figure 1 shows
an illustrative image of a muograph setup for measuring a volcanic dome and
the resulting image [6], in this case, the Machin volcano in Colombia [10, 11].
The flux of muons has a dependence on the zenith angle and the mass traversed
by the impigning muons.
By knowing the flux and morphology of the geological target it is possible to
produce an image from the correlation between the muon count in each direc-
tion made with a muon telescope and the distances crossed inside the object
[12, 13]. In this way, it is possible to calculate the average opacity along the
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 Atmospheric muons
Figure 1: Representation of Muon telescope project (MuTe) in Colombia where scintillator
bars of rectangular cross section are used (left). A reconstruction of the mass traversed by
the muon flux is show to right. For these detectors the resolution depends on the grid formed
by the amount of scintillator bars.
muon trajectories in the material traversed and to determine the density con-
trast in the final image. Additionally, these calculations can be compared with
simulations and synthetic data obtained by modeling the target [14, 15] and the
muon flux [16, 17].
The muography technique has been used on some volcanoes around the world,
such as Mt. Vesuvius by the Mu-RAY project [18]. This project built a muon
telescope using three panels consisting of plastic scintillators with a triangular
cross-section, coupled to optical fibers with silicon photomultipliers. It has also
been used in Japan where it has been successfully deployed on volcanoes such
as Mt. Satsuma-Iwojima [9], Mt. Sukuba [19] and Mt. Asama [20], studied
using photographic emulsion.
In Italy, muography has been used as a complementary technique to study
Mt. Etna [21], but the morphology of the volcano hampered the data analysis;
the authors reported differences between synthetic models and measured data.
These differences are explained by muon attenuation and electronic noise from
the detector. In Colombia, the MuTe telescope [22, 5, 23] uses rectangular
cross-section bars made of organic scintillator, wavelength shift optical fibers,
photomultipliers, and acquisition electronics. It is a hodoscope composed of
arrays of scintillator bars called panels, each consisting of Ni ×Nj bars. These
panels are attached to a mechanical structure, setting up the hodoscope.
In this case the resolution of the panels is determined by the number of crosses
of the bars or pixels of the hodoscope. To obtain a muography image, is required
to know a priori the properties of the object of study,for example in the case
of a volcanic dome it is required to know its morphology and composition,
with this information to build a model of the object of study. then make the
acquisition of directional flux of muons with the instrument, Then determine
the trajectories of the muons, estimate the attenuation of the flux in terms of
opacity and finally make a geophysical inversion between the model and the
data obtained, like [24, 25, 26] to obtain the average density for each pixel as a
function of the number of muons detected.
This work focuses on studying the improvement of the spatial resolution of
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this type of panels by performing a double detection for each scintillator bar,
to determine the position of the bar where muons crossed, signal strength is
measured at each end of the scintillator fiber. The methodology proposed in
this work will be applied to a muograph prototype to be developed and built at
Instituto de Tecnolog´ıas en Deteccio´n y Astropart´ıculas (ITeDA)1. One of the
candidates for field acquisition is the lago Las Mellizas, located on the Copahue
Volcano system in Argentina. This lagoon is supported on a natural dam, and
presents an opportunity to use the technique to seek changes due to seismic
movements or the undermining of the reservoir.
3. Instrumentation
The prototype muograph that motivated this work will be composed of plas-
tic scintillator bars doped with 1 % of PPO [2,5-diphenyloxazole] and 0.03 of
the POPOP [1,4-bis(5-phenyloxazole-2-yl)benzene], with a TiO2 coating [27],
coupled at one side to an optical wavelength-shifter fiber. These fibers are the
multi-layer reference BCF99-29AMC manufactured by Saint-Gobain, have a di-
ameter of 1.2 mm and produce a wavelength shift of the photons produced in
the scintillator.
Figure 2: Diagram representing the setup designed and built to determine the position of an
event from the signal detected synchronously with two acquisition electronics and a pulse gen-
erator. Inside the dark box, the position of the laser represents the location of the artificially
generated event.
When a muon passes through the scintillator, a portion of the photons produced
are adsorbed and re-emitted by the wavelength shifter (WLS) fibers to finally
1Instituto ITeDA http://www.iteda.cnea.gov.ar/
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be guided to one channel of a H8804-b 64-anode photomultiplier manufactured
by Hamamatsu. The pulses generated at the PMT are saved, analyzed and
identified as events. This detection sequence has been tested and is used by the
AMIGA project [8] and the MuTe project [11, 28].
Laser
PMT
Fiber
Fiber
Acquisition electronics 
Figure 3: Dark box and setup built to perform the synchronous detection. The dark box was
designed and built as a light insulator. Inside the dark box a WLS fiber was installed, with a
device designed to install a pulsed laser light source at different positions (left). Each end of
the WLS fiber is coupled to a PMT channel and acquisition electronics (right).
The charge of a PMT pulse is given mainly by the amount of photons sensed.
The light arriving to one end of the fiber depends on the light adsorbed by the
fiber and the light attenuation, which is a function of the distance from the
measurement point to the point of adsorption. We characterized these effects
with an experimental setup consisting of a WLS fiber coupled at each end to a
PMT channel and its associated acquisition electronics. This setup allows the
placement of a light source at different positions.
We chose a 405 nm laser to act as a light source, which has a similar wavelength
to the light emitted by the plastic scintillator. This laser is triggered by a
pulsed laser driver, driven by a pulse generator (Agilent N8042A) that can
generate pulses with a similar duration to a typical muon pulse and provides
synchronization to the acquisition electronics. A diagram of this setup is shown
in figure 2. Fifty thousand samples were acquired for each position using an
oscilloscope (LeCroy WaveSurfer 104MXs-B).
As described in section 4 The PMTs used for this characterization is calibrated,
to obtain the expected charge for each photo-electron [29]. After both PMTs
were calibrated, measurements were taken at 24 separate positions on a 180 cm
long fiber every 5 cm. The schematic drawing of the setup is presented in figure
5
Figure 4: Typical AMIGA PMT pulses from a single anode, measured with a 50 Ω impedance.
Each PMT has 64 outputs (“channels”) corresponding to the anodes. Each channel produces
analog pulses as shown in this figure. For each anode, the pulse amplitude is always propor-
tional to the number of impigning photons on the photocathode. For the dynode, the pulse
amplitude is proportional to the response from all anodes to the impigning photons.
2. For each position, the histograms of the deposited charge at each end were
obtained. The charge was calculated from the oscilloscope traces by subtracting
the baseline from the pulse and applying a point-to-point integration in a fixed
time window corresponding to the area defined as the analog pulse (see figure
4), so that each point will have a charge value Qt =
∑b
aA(t)dt.
Then, based on these histograms, the number of photo-electrons detected was
calculated as a function of the distance. This function is the crucial part of the
methodology: on a muograph, it provides an accurate estimation of the impact
point of the particle within the scintillator strip, enhancing the resolution of the
device.
4. Data acquisition
The PMT used allows the acquisition of its 64 independent anodes and a com-
mon dynode, which integrates the charge collected by the anodes. For calibra-
tion and measurement it was necessary to condition the light source by using
Kodak optical filters. For the PMT calibration, this was done to ensure a pho-
ton count at the PMT photocathode of less than one photon per event due
to quantum efficiency effects. For data acquisition, this was done to simulate
different muonic responses.
To calculate the mean of photon-electrons we fitted the acquired data with a
PMT response model adapted from [29]. With this model we obtained the best
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fit for low light emission conditions where most detected events correspond to
a single photon.
The model used for the PMT response was augmented to obtain the charge ratio
between an anode and the dynode. This ratio is critical to the proposed mugraph
prototype, as the AMIGA electronics does not allow the charge measurement of
the anode. As we are planning to operate the dectector by measuring the charge
at the dynode, we discarded events where more than one anode detects signal.
Given the expected muon flux for muography applications, this does not result
in a significant event discard rate, and therefore does not increase the required
exposure time.
4.1. PMT Calibration
The calibration method is based on the deconvolution of the pulse spectrum into
a noise component and a pulse component, discriminated by number of photo-
electrons sensed. The characteristic parameters each number of photoelectrons
detected are then also expressed as a function of the parameters for a single
detected photoelectron.
An ideal PMT can be treated as an instrument consisting of two independent
parts: a photodetector, where a photon flow is converted into photoelectrons,
and an amplifier based on a dynode chain, which amplifies the initial charge
emitted by the photocathode.
The flux of photons impigning on the PMT photocathode produces photo-
electrons through the photoelectric effect. For the photo conversion the QE-
quantum efficiency is evaluated and described by:
µ = µρQE (1)
where µ is the average number of photoelectrons emitted and µρ the average
number of incident photons. The number of photoelectrons emitted by the pho-
tocathode is a Poisson process, where µ is the average number of photoelectrons
collected by the first dynode. This model yields the equation:
P (n;µ) =
µne−µ
n!
(2)
where P (n;µ) is the probability of observing n photo-electrons when the average
amount of photoelectrons detected per event is µ. Furthermore, when an average
number of µρ photons imping on the photocathode per event, the quantum
efficiency of the photocathode is QE . Thus, for a given PMT, the parameter µ
characterizes the intensity of the light source, taking into account the quantum
efficiency of the photocathode and the efficiency of the electron collection of the
dynode system.
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For the amplification response we model the dynode chain, where in each stage
of the amplification cascade we have a Gaussian distribution [30]. The total
response of the amplification chain is the sum of the response of each dynode,
giving the equation:
G(x) =
1
σ
√
2pi
e−
(x−q)2
2σ2 (3)
where x is the charge received at the first dynode, q is the average charge at the
PMT output when an electron is picked up by the first dynode (single photo-
electron, SPE) and σ is the standard deviation of the entire amplification chain.
The charge distribution of a process initiated by n photo-electrons is the con-
volution of n processes with an SPE, therefore we can approximate the ideal
response of the PMT without the noise as the convolution of the distributions
2 and 3:
Sideal(x) = P (nSP ;u)⊗Gn(x) (4)
obtaining an ideal charge model for the PMT:
Sideal(x) =
∞∑
n=0
un · e−u
n!
.
1
σ
√
2pi
· e− (x−n·q)
2
2nσ2 (5)
This distribution alone does not represent the response of a real PMT due
to device noise. Background noise processes (such as dark current, afterpulse
and cross-talk) can generate additional current signals that modify the output
response.
These background processes can be divided into two groups, with different dis-
tribution functions: low charge processes and discrete processes. Low-charge
processes are responsible for non-zero current when there are not photo-electrons
emitted from the photocathode. This distribution corresponds to the pedestal
and can be modelled with a Gaussian function.
NG(x) =
1
σo
√
2pi
e
− (x−qo)2
2σ2o (6)
The discrete processes can be thermo-emission (electrons detached from the
photocathode without an impigning photon) and noise initiated by the measured
light with probability other than zero. These processes accompany the measured
signal and can be modeled with an exponential distribution.
NE(x) = λe
xλ (7)
8
Figure 5: Calibration histogram for a PMT. 100.000 samples were taken in low light conditions
for this purpose. The image contains two peaks: the first (leftmost) peak represents the most
likely charge value for background noise, while the second (rightmost) peak represents the
average charge for an SPE.
If call w to the probability that a measured signal is accompanied by a back-
ground process, the background noise processes can be parameterized as:
N(x) =
(1− w)
σo
√
2pi
e
− (x−qo)2
2σ2o + wλexλ (8)
The first term corresponds to the discrete processes. The second term corre-
sponds to low charge background processes (pedestal). For small σo(  1/λ)
(good baseline), the convolution of a Gaussian with an exponential function is
reduced to a pure exponential function.
Using the spectrum for an ideal PMT from equation 5 and the background
charge distribution in equation 8, the response spectrum for a realistic PMT
can be obtained as the convolution of both distributions:
Sreal(x) = Sideal(x)⊗N(x) (9)
The response function for a real PMT contains seven free parameters and was
developed at [31]. Two of them, qo and σo, define the pedestal and two others,
w and λ, describe the discrete background processes. Finally the parameters q,
σ and µ describe the spectrum of the real signal. Of these three parameters, µ
is proportional to the intensity of the light source, and q and σ characterize the
amplification process of the PMT dynode system. Finally, we use the Sreal(x)
response model to compare and calibrate the response of the PMTs.
4.2. Measurements using expected operation conditions
After the PMTs were calibrated, we removed some of the light filters from the
setup to simulate operating conditions and proceeded to measure pulses, moving
9
Figure 6: Histogram for an acquisition with an average of 14 SPEs (left), and 20 SPEs (right).
For each histogram, 50.000 acquisitions were considered. In both histograms the pedestal is
not visible because at these light intensities and for this PMT most events detect at least one
SPE.
the light source as described in 3.
Figure 7: After the calibration, the light source was moved lengthwise along the optical fiber.
50.000 samples were taken at each light source position, and the µ was estimated for both
electronics. Then we proceeded to subtract the µ calculated for each PMT at every position,
then used these values to estimate the best fit and represent the confidence intervals in function
of the σ error. In this picture we compare the measurements with the fit confidence intervals
from 1-σ to 4-σ.
Thus we could establish the location within the bar according to the absolute
difference in terms of µ. In each case µ was calculated from the fit values of
the calibration for each PMT. At each position, 50,000 pulses were acquired,
obtaining charge histograms as shown in figure 5.
Then we subtracted the average number of photo-electrons measured at each
position and determined the numbers of photoelectrons for each distance to the
light source, obtaining the confidence intervals observed in figure 7 and 8.
10
100 105 110 115 120 125 130 135 140
Fiber length [cm] 
6
7
8
9
10
11
12
13
14
<
2>
 - 
<
1>
Differences between the < >  of the dynode
Best fit
1 sigma interval
2 sigma interval
3 sigma interval
4 sigma interval
5 sigma interval
1 2 3 4 5
0
5
10
15
cm
---1.5 = 4cm 
Figure 8: Left: Projection of the confidence intervals as a function of the distance between
the photocathode and the light source. Right: Comparison of the uncertainty in terms of
sigma σ for different fiber lengths, using data from the previous plot. 1.5 σ represents the
maximum acceptable uncertainty for a 4 x 4 cm pixel.
5. Conclusions
A methodology and design modification to enhance the spatial resolution of a
muograph was proposed. An experimental setup using a movable controlled light
source synchronized with acquisition electronics was built to test the feasibility
of the proposed methodology. This setup was used to calibrate PMTs using a
PMT response model adapted to the proposed analysis methodology.
Using this setup with light intensities similar to expected as operating con-
ditions, we could determine the position of the light source from the charge
measured by the dynode of the PMTs at both ends of the fiber. The confidence
intervals of the measurements in operating conditions yielded favorable infor-
mation about the uncertainty when determining the impact position using this
strategy. From these results we can estimate 3 cm with a 1σ of error with respect
to the fit. Since the muon flux is a known measurement, we can also estimate
the exposure time to acquire enough events. Therefore, this methodology is
feasible.
Due to the measurement setup, no scintillator effects were considered. The
experimental setup can be used to evaluate different optical fibers and light
sensing devices. The setup also allows the use of a scintillator strip as a light
source, with a muon telescope as described in [32]. A prototype detector will
be built to further test this methodology.
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